The nanoimprint technique has the advantages of high throughput, sub-10-nm resolution and low cost. However, the nonuniform surface obtained in practice raises concerns about the quality of pattern transfer. In this study, we present a uniform printing method across a wafer by introducing a local mold deformation along the block boundary. This method is simple and effective: it involves cutting grooves on the back of the mold within the nonpatterned area. The grooves enable the mold to lie easily on the substrate with a close fit to obtain a more uniform pattern over a large surface. The proposed method was demonstrated experimentally.
In the past 40 years, industrial technology has followed Moore's law for semiconductors and ICs. The crucial technology of photolithography has influenced the line width that is to be exposed. However, when the pattern feature size becomes smaller than 100 nm, photolithography becomes difficult. The line width is limited by wavelength diffraction, posing a challenge to physicists. The cost of the manufacturing process and exposing equipment will increase when the pattern size decreases further. For this reason, a low-cost and high-throughput process for manufacturing nanostructures is essential.
The semiconductor industry works hard at tracking every aspect of technology in order to enable the industry to follow Moore's law. Using a 193 nm light source in coordination with immersion technology, optical proximity correction (OPC) and the use of a phase shift mask (PSM) can expose the pattern of 65 and 45 nm nodes; nevertheless, 32 nm node technology is still to be developed. There are various potential methods for achieving 32 nm node technology: one is to develop a shorter wavelength of the light source used for exposure, and the other is nanoimprint lithography (NIL). NIL allows the fast replication of nanoscale patterns and is a promising technique with wide applications, including the fabrication of electronic devices, biosensors, microchannels, high-density memory disks and optical devices. However, to make this technology suitable for industrial use, not only a high resolution but also reliable patterning over a large area must be achieved.
NIL was first reported by Chou et al. in 1995 1) and has developed over the last ten years, and there are three objectives to be achieved, namely, imprinting in nanoscale dimensions, 2) fabricating structures with a high aspect ratio, 3) and imprinting over a large area. 4) However, these three objectives have barely been satisfied simultaneously to date.
In NIL, the resist is patterned by physical deformation using a mold. Therefore, the profile of the mold surface determines the imprinted pattern. Most studies use a mold that features patterns protruding from the datum plane of the mold. It is difficult to fabricate the pattern for this kind of mold, which usually involves the lift-off process after NIL, when the critical dimension decreases to 100 nm. When the pattern feature size is less than 100 nm, an etching process is substituted for the lift-off process. If one uses etching after NIL, the mold of the imprinting process will feature the pattern indented in the datum plane of the mold. This kind of mold in NIL requires a higher pressure than the mold that features patterns protruding from the datum plane of the mold.
However, using a high pressure will lead to mold deformation in the patterned area and nonuniformity in the imprinted pattern. For the same reason, using this kind of mold to imprint on a large area is even more difficult. A few key difficulties of this lithography must be overcome in order to make it a sophisticated technique for industrial use.
In the commonly practiced thermal nanoimprint processes, the material of the mold and substrate is silicon wafer. The surface quality of the silicon wafer is defined by total thickness variation (TTV) and bow/warp. Typical values of TTV and bow/warp are about 20 and 60 mm, respectively. This quality is not ideal for the imprinting process of a nanoscale pattern; therefore, a high imprint pressure is needed to ensure the complete pattern transfer. However, the high imprint pressure causes mold deformation. In the imprinting process, such a mold deformation occurs in both patterned and nonpatterned areas. 5) If the mold deformation occurs in the patterned area, it will induce not only poor pattern quality, but also a nonuniform residual layer, on which the plasma etching after imprinting becomes very difficult.
As mentioned before, NIL enables us to rapidly replicate a nanoscale pattern. It provides the possibility of challenging Moore's law. Up to now, NIL has been unable to prevent the formation of defects over a large area in a single imprinting step. This problem has limited its wide application. In this study, we aim to increase the uniformity over a large imprinted area and also fabricate a high-aspect-ratio pattern.
A newly designed local mold deformation method was adopted to improve the imprinting uniformity. The mold used in this method has thick rigid imprinting areas associated with thin cut grooves, which provide the desired flexibility for imprinting. The mold design is shown in Fig. 1 . On the back of the mold, the grooves are cut within the nonpatterned area. One can use these back grooves in the imprinting process to produce the designed deformation across the mold. This mold deformation is concentrated in the nonpatterned area and helps reduce the mold deformation in the patterned area. The imprinting uniformity is thus improved. The imprinting pressure can also be effectively lowered.
In the experiment, the mold is obtained by electron-beam lithography on a 4-in. silicon wafer. Each patterned area is 10 Â 0:15 mm 2 and contains 50 nm lines with 50 nm spacing and has a height of 200 nm. The pattern is indented in the datum plane. The mold is covered with a surfactant, octadecyl-chlorosilane, CH 3 -(CH 2 ) 17 -SiC 13 (OTS), which promotes polymer release from the mold in the demolding process.
The polymer is one of the key parameters for NIL, which requires polymers with stable thermal properties and good etch resistance. In this study, the commercial resist mr-I8030 designed for NIL is selected and applied on a 4-in. silicon wafer with 20 mm TTV and 60 mm bow/warp. The glass transition temperature is 125 C. The decomposition of the polymer is characterized by an endothermic peak appearing above 200 C.
6) The printing conditions using this polymer are lower than 200 C and 10 MPa. A special mold is prepared for the proposed technique. The relative positions of the pattern and grooves are shown in Fig. 2 . The width and depth of the grooves are 150 and 300 mm, respectively. The grooves are cut perpendicular to each other; one direction is parallel to the flat edge of the wafer, the other is vertical. The area of each square block separated by the grooves is 200 mm 2 . In the imprinting experiment, not only a suitable range of imprinting conditions needs to be identified but also an improvement using the back grooves needs to be demonstrated. In ref. 3, the imprinting pressure increased when the aspect ratio of the mold cavity increased. The effect of pressure on the high-aspect-ratio structure was particularly evident in this study; in the imprinting experiment, the mold was imprinted at 2.5, 5.0, and 7.5 MPa. Also, it has been demonstrated that increasing the imprinting time can increase the imprint uniformity.
6) Therefore, the imprinted time is increased from 1 to 7 min in this imprinting experiment. After imprinting, the cross sections of the imprinted pattern are examined by scanning electron microscopy (SEM).
The experimental results show that patterning a highaspect-ratio structure with nanoscale dimensions over a large area is difficult. The results show that during imprinting, the polymer cannot fill the mold cavity in each patterned area within 1 min. Even upon increasing the imprinting force, the filling is not improved markedly.
On the basis of the imprinting results, one can obtain the best imprinting structure at a pressure of 7.5 MPa when the imprinting time is 7 min. Nevertheless, patterning the imprinted structures in each area is still rather difficult. Because high pressure leads to mold deformation, and substrate distortion occurs during the imprinting, the effective imprinting area increases but the imprinting quality is adversely affected.
Either high-aspect-ratio or large-area imprinting requires higher pressure. When the aspect ratio of the imprinted pattern becomes higher than 2, not only must the imprinting pressure be increased, but also the number of defects increases during demolding. The polymer pattern is often broken at the bottom, particularly for an aspect ratio as high as 3.
3) The high imprinting pressure causes the concentration of stress at the bottom corner of the printing pattern leading to this kind of defect. In order to avoid such defects, the surface energy of the mold and the side-wall roughness of the mold cavity need to be decreased. In addition, reducing the imprinting force can decrease the stress concentration at the bottom corner of the imprinted structure.
The aforementioned results reveal that using high pressure over a large imprinted area easily lead to substrate distortion and affects the imprinting quality significantly. In order to solve this problem, the proposed structure of grooves is added to the back of the imprinted mold, as shown in Fig. 2 .
There are six patterned areas in the imprinted mold (Fig. 2) , and each patterned area is observed after imprinting. From these observations, the imprinted results of two patterns 50 mm apart and facing each other, A and D in Fig 2, are shown in Figs. 3 and 4. Figures 3(a) and 3(b) show the results at 180 C, 2.5 MPa, and 7 min. Figure 4 shows the results at 180 C, 7.5 MPa, and 7 min. The technique using back grooves allows the successful pattern transfer in each area. On the other hand, it is difficult to transfer the pattern without the back grooves under the same conditions.
The proposed nanoimprinting technique can effectively reduce the required pressure. The stress concentration at the In addition, the proposed technique enables the imprinted structure to have a uniform pattern. The residual layer thickness is measured in each pattern area, and the standard deviation is below 5 nm. This high-quality imprinting method will have wide applications.
However, an excessively low pressure for large-area imprinting under atmospheric conditions has the drawback that air can be trapped between the substrate and the mold in the imprinting of dense patterns, 7) particularly when using a mold with an indentation pattern in the datum plane. In this case, the mold first comes into contacts with the polymer in the nonpatterned area; therefore, air can be trapped in the patterned area. To eliminate this imprinting defect, a vacuum environment is suggested. Under this condition, the advantage of the proposed technique using back grooves to effectively reduce the imprinting pressure and the number of associated process defects can be fully utilized.
Successful NIL for industrial use requires not only high resolution but also a reliable transfer over a large area. However, the imprinted structures are affected by the surface quality of the mold and substrate, particularly for large imprinting areas. On the other hand, the experimental results are unsatisfactory when the critical dimension of the imprinted structure is below 100 nm, particularly for highaspect-ratio structure.
The feasibility of this new imprinting method, namely improving the uniformity by designing a local mold deformation, was verified experimentally. It was confirmed that the grooves have the ability of improving the distribution uniformity over a patterned area. Nonuniform contact behavior occurs on the back of the mold, which contains grooves. A uniform imprint is obtained in the patterned areas, and the effect of a nonuniform stress distribution on the patterned area is avoided.
A high-fidelity pattern was successfully fabricated by NIL from a 4-in. silicon wafer mold with a mr-I8030 polymer resist layer with 20 mm TTV and 60 mm bow/warp. The proposed technique can be used to fabricate 50 nm grates with an aspect ratio of as high as 4, and has a greater capability of patterning a structure on a nonflat surface than the conventional method. This technology not only increases the imprinting uniformity but also decreases the required imprinting force. It can also be used to fabricate a nanoscale pattern over a large area by a single imprinting step.
When the imprinting area is increased to a 6-or 8-in. wafer, the throughput of the proposed imprinting process will be considerably increased. 
